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tissue, interior cells would not have immediate access to the soluble compound exchange required for survival.
Alternatively, constructs with channels fabricated using a "top-down" approach [11] [12] [13] [14] [15] [16] benefit from a perfusable channel network that is immediately available to supply all embedded cells. A number of strategies including extrusion-molding, [17] template stamping, [18] [19] [20] soft lithography, [20] [21] [22] [23] and 3D bioprinting. [24] [25] [26] [27] [28] of hydrogels have been developed to create vascular networks within such constructs. Early efforts in this area employed lithographic techniques to produce 2D patterns of channels within hydrogels. [20, 22, 29] More recently, researchers have focused on using 3D printing techniques to form microfluidic networks with complexity in the third dimension. Previous top-down strategies to create networks of large diameter (>100 μm) channels in hydrogel scaffolds have used water-soluble materials such as sugar, [30] carbohydrate glass, [14] Pluronic F127, [31] gelatin, [29] and PVA. [32] The difficulty of these techniques, however, stems from the conflicting requirements of a template that is water-insoluble during the embedding process, but water-soluble after the gel has set. Previously, we demonstrated the ability to generate microchannels in gelatin using a sacrificial shellac template with triggerable dissolution that depends on pH. [33] Similarly, Kolesky et al. recently reported using a 3D printed sacrificial template in the presence of a cellladen hydrogel by exploiting the thermoresponsive behavior of Pluronic F127. However, removing Pluronic F127 requires cooling the scaffold to 4 °C, which potentially damages encapsulated cells. [15, 34] In this study, we report a sacrificial template-based strategy using solvent-spun poly(N-isopropylacrylamide) (PNIPAM) fibers to produce 3D microvascular networks in cell-laden gelatin hydrogels with negligible cytotoxicity ( Figure 1A) . PNIPAM was chosen as the sacrificial material because of its attractive thermoresponsive behavior (lower critical solution temperature [LCST] near 32 °C) and previous reports of excellent cytocompatibility. [35] [36] [37] [38] [39] We exploited the temperaturedependent solubility of PNIPAM to allow an aqueous fabrication process, avoiding the use of organic solvents or extreme temperatures for removal, and thus providing a safe culture environment for cells loaded into the hydrogel. The resulting channels facilitate effective perfusion of culture media throughout the scaffold volume that enhances the viability of embedded cells.
High speed spinning of PNIPAM solution at room temperature ( Figure S1A , Supporting Information) yielded microfibers with smooth surfaces and diameters ranging from 3 to 55 μm ( Figure 1B,C) . To provide a macrochannel for interfacing with an external pump, PNIPAM rods were prepared by heating Tissue engineering is an exciting approach to regenerate or replace damaged host tissue using an artificial tissue construct consisting of an appropriate combination of cells, scaffolds, and biochemicals. [1, 2] Among the various scaffolds of interest, hydrogels are among the most attractive due to their tunable physical and biochemical properties that can mimic the natural extracellular matrix (ECM). [3] [4] [5] However, a major challenge in scaling cell-laden hydrogel scaffolds for therapeutic applications remains the inability to maintain a high density of metabolically active cells throughout a tissue-scale construct. Diffusion alone cannot provide sufficient exchange of soluble compounds (e.g., oxygen, nutrients, and waste products) for cells further than a few hundred microns from a media source. Thus, engineering a 3D artificial vasculature that enables active perfusion of thick hydrogel scaffolds is essential. In this work, we present a top-down fabrication approach yielding capillarylike 3D microfluidic networks in gelatin hydrogels and demonstrate that perfusion of such networks dramatically enhances the viability of embedded cells. By appropriately choosing the sacrificial material and utilizing a nontraditional microfiberbased fabrication approach, we are able to form channels with diameters and densities that have yet to be demonstrated by other "top-down" techniques. The excellent cytocompatibility and simplicity of this scheme promises to enable future efforts towards engineering thick prevascularized tissue constructs.
Vessel networks within engineered tissue constructs can be formed by either "bottom-up" or "top-down" approaches. In a typical "bottom-up" approach, endothelial cells or progenitor cells are cultured within an appropriate environment and allowed to spontaneously form lumen networks. [6] [7] [8] [9] [10] This strategy has several advantages, including simplicity, and the fact that the vessel network architecture is formed via a physiological process and thus likely to mimic in vivo phenomena. There are, however, some limitations to this approach. In previous studies, the formation of a perfusable lumen network can take weeks, and thus if this approach were used to form thick and solidifying PNIPAM solution in 1.3 mm inner diameter silicone tubing. Assembly of the microfluidic hydrogels is achieved by embedding microfibers (at roughly 0.1%-0.3% of the construct volume) within an enzyme (microbial transglutaminase: mTGase)-mediated crosslinkable gelatin hydrogel with macrochannels serving as inlet and outlet conduits for the perfusion setup ( Figure 1A ; and S1B, Supporting Information). During the gelation process, the key to maintaining the integrity of the PNIPAM fiber structure was to minimize the exposure of the device to a temperature below 32 °C. The gelatin/ mTGase/cell solution was kept at 37 °C both prior to embedding the PNIPAM template and during the gelation process. Upon complete gelation, the PNIPAM structure was removed by immersing the entire construct in cell culture media at room temperature.
To analyze channel architecture and interconnectivity, FluoSpheres (0.2 μm, orange) were introduced into the macrochannel, and thus only the microchannels connected to the macrochannel were perfused and fluorescent (Figure 2A,B) . As all the microchannels appeared to be perfused (empty channels would also be visible and appear as darker regions due to the gelatin autofluorescence), it was assumed that the macrochannels were successfully interconnected and formed perfusable networks. To characterize the microchannel size distribution, we obtained 3D images of the orange FluoSphere-filled constructs using confocal microscopy ( Figure 2B ). As has been described previously, the 3D channel dataset was skeletonized and the distances from the resulting channel centerlines to the channel wall were measured. [33] Overall, the channels had a mean diameter of 35 μm and standard deviation of 16 μm as summarized in Figure 2C . While similar data from morphometric studies of natural vessel networks are often binned much more coarsely over a much larger diameter range (typically categorizing vessels by "order" using a variety of techniques [40] ), our distribution is not too dissimilar from small vessel data obtained by morphometric studies of pig vasculature by Kassab et al. [41] We also observed that, in freshly fabricated fibers, 19% measured less than 6 μm in diameter, whereas the portion of channels with diameters less than 6 μm was 10% in the gelatin hydrogel. This observed shift in the diameter distribution toward larger diameters is likely due to PNIPAM swelling in the gelatin solution, as well as aggregation of fibers. Additionally, when channels (including macrochannels) were introduced, the macroscopic hydrogel stiffness decreased ( Figure S2 , Supporting Information).
To demonstrate the utility of these 3D capillary-like microfluidic networks in maintaining cell viability throughout thick hydrogel constructs, we compared the number of live fibroblasts encapsulated in microfluidic gelatin hydrogels with and without media perfusion, as well as in a solid, channel-less control. Through preliminary screening, 8%, w/v gelatin with 2% w/v enzyme was determined to be an optimal composition for maintaining cell viability and the structural integrity of the capillary network within the hydrogel (data not shown).
For scaffolds (both with and without channels) incubated under static conditions, a greater quantity of dead cells was observed compared to perfused hydrogels, indicating a need of perfusable channel networks to improve mass transport into the scaffold core ( Figures S3 and S4, Supporting Information) . In particular, we observed that cells at the construct periphery survived whereas cells deeper within the construct did not, illustrating the diffusion limitations that must be overcome for thick tissue engineering. Hydrogels with microchannels and perfusion showed over 96% cell viability on days 2 and 7, whereas non-perfused hydrogels showed only 60% cell viability, as did control hydrogels (without channels) subjected to interstitial flow (Figure 3I) . The presence of perfusion or microchannels alone did not improve cell survival because the diffusion of media through the microchannels under such conditions did not provide sufficient nutrient exchange. These results reflect that hydrogel perfusion at 150 μL min −1 , chosen initially based upon previous experiments, clearly promotes long-term cell viability. [42] Optimization of perfusion rate to meet the specific metabolic needs of fibroblasts may further increase cell viability and function. 
CommuniCation
As a control, thin gelatin hydrogels (100 μm thickness) without microchannels showed high cell viability on days 2 and 7 because, for these thin slabs, diffusion was sufficient to provide fresh media throughout the entire volume ( Figure S5 , Supporting Information). Interestingly, the presence of microchannels and media perfusion also leads to fibroblast elongation and cell network formation on days 2 and 7 ( Figure 3D,G) , whereas fibroblasts encapsulated within hydrogels without channels maintained a rounded morphology. Fibroblasts cultured for 7 d in the thin gelatin hydrogels under static conditions also exhibited similar elongation ( Figure S5 , Supporting Information). Anchorage-dependent fibroblasts can only survive when attached to ECM and a stretched cell morphology is both an indication of health and necessary for migration, proliferation, and differentiation. [14, 43, 44] It is known that gelatin, the denatured form of collagen, retains MMP-sensitive degradation sites. [12] Therefore, local degradation of gelatin hydrogels by MMP released from fibroblasts likely enables cell elongation and invasion into the matrix. Thus, we observed that perfusion of the microfluidic hydrogels improved both cell viability and functional phenotype. This is most likely due to achieving effective mass transport throughout the hydrogel construct by the microchannel network. Although fluid shear stress can hasten hydrogel degradation and encourage changes to cell morphology, the observed similarities between fibroblast elongation in perfused hydrogel compared to the thin hydrogel maintained under static conditions suggest that fluid shear is not a major contributing factor explaining cell behavior and morphology in these experiments.
In summary, we have presented a method to create 3D perfusable capillary-like microchannel networks in cell-laden gelatin hydrogels using sacrificial PNIPAM fibers. The use of PNIPAM as a sacrificial material leverages the attractive combination of a thermal trigger at a threshold between room and physiological temperatures, cytocompatibility, and ease of handling. Solvent-spun PNIPAM microfibers yielded capillary-like microchannel networks with sizes, densities, and complexity that have not been achieved using more traditional patterning approaches. Perfusion of the tissue-scale hydrogels improved cell viability significantly compared to channel-less and nonperfused counterparts, indicating adequate soluble compound exchange for supporting high density of metabolically active cells throughout a hydrogel construct. Future studies may investigate optimization of these small vessel network architectures based on the unique metabolic demands of various engineered tissue varieties and co-culture systems. Combined with more traditional techniques for patterning larger vessel structures, this work will enable the fabrication of multiscale vasculature throughout thick constructs and thus further accelerate efforts towards engineering clinically relevant tissue replacements.
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